Traditional Chinese medicine (TCM), used in China and other Asian counties for thousands of years, is increasingly utilized in Western countries. However, due to inherent differences in how Western medicine and this ancient modality are practiced, employing the so-called Western medicine-based gold standard research methods to evaluate TCM is challenging. This paper is a discussion of the obstacles inherent in the design and statistical analysis of clinical trials of TCM. It is based on our experience in designing and conducting a randomized controlled clinical trial of acupuncture for post-operative dental pain control in which acupuncture was shown to be statistically and significantly better than placebo in lengthening the median survival time to rescue drug. We demonstrate here that PH assumptions in the common Cox model did not hold in that trial and that TCM trials warrant more thoughtful modeling and more sophisticated models of statistical analysis. TCM study design entails all the challenges encountered in trials of drugs, devices, and surgical procedures in the Western medicine. We present possible solutions to some but leave many issues unresolved.
Introduction
Traditional Chinese medicine (TCM) is a coherent, well-developed system of medicine that has been practiced in China and neighboring Asian countries for thousands of years [1] . The system presents the human body as a whole and as a part of nature. Harmony must be maintained within body functions and between the body and nature in order to preserve health. Any disruption of this harmony leads to illness and disease. Over the millennia, ancient Chinese scholars and TCM practitioners elaborated and recorded unique diagnostic methods and treatment interventions, among them Chinese herbal medicine, acupuncture/moxibustion, Tui Na (Chinese massage and acupressure), mind/body exercise, and Chinese dietary therapy. Methods of disease prevention are an integral part of TCM and have become accepted by and widely popular among patients and medical communities in many Asian countries.
In recent years, complementary and alternative medicine (CAM), including TCM and acupuncture, has become increasingly popular in the U.S. According to a 2007 government survey, Americans spent $14.8 billion out-of-pocket on non-vitamin, non-mineral natural products over the previous 12 months [2] , a substantial increase from the $5.1 billion spent in 1997. The same survey shows that patient visits to acupuncture clinics nearly tripled between 1997 (27.2/yr/1000) and 2007 (79.2/yr/1000). Regional and national surveys also show that the majority of physicians in the conventional medical practice consider acupuncture to be a legitimate medical modality [3--5] , and in 1996, the U.S. Food and Drug Administration reclassified the acupuncture needle from a class III investigational device to a class II medical device (www.fda.gov.) Research funding for CAM, including TCM and acupuncture, from the National Center for Complementary and Alternative Medicine (NCCAM), National Institute of Health (NIH) has significantly increased over the past 18 years, from a fiscal year budget of $2 million in 1992, to $50 million in 1999 when the NIH Office of Alternative Medicine became NCCAM, and to $128.8 million in 2010 (http://nccam.nih.gov/about/budget/appropriations.htm, accessed 26 March 2010).
Despite these developments, the increased use of TCM in the West has raised efficacy and safety concerns among the medical community and the public [6--8] . Although numerous efforts have been made in the past decade to evaluate the effect of TCM, including acupuncture, true evaluation of this ancient treatment modality remains difficult and challenging, due to both the nature of its practice and its inherent differences from the Western medicine [9--11] .
Scientific evaluation of this ancient healing art using such modern research methodology as the evidence-based medicine approach is warranted, and it has become urgent. A scientifically sound clinical trial based on the evidencebased approach to treatment evaluation entails two important aspects: (1) modern clinical trial design and (2) statistically sound methods of treatment effect assessment and inference. In Section 2 we use one of our randomized acupuncture clinical trials, a dental pain study (DPS), to illustrate how modern, evidence-based approaches can resolve some of the challenges of TCM research. Techniques to facilitate design of a valid randomized acupuncture clinical trial are highlighted in Section 3, and Section 4 presents the analytical aspects of treatment effect evaluation of acupuncture for pain control using statistical methods. Section 5 concludes this paper with a brief discussion.
Challenges in TCM research
An important and unique aspect of TCM practice is that it involves analysis of the status of the whole person using the so-called 'holistic approach' as opposed to a focus on a specific organ or disease. TCM diagnosis entails the 'four diagnostic method,' composed of four procedures: (1) inspection, (2) auscultation and olfaction, (3) inquiry, and (4) palpation [1] , the aim of which are to collect and analyze information that reflects the condition of the body in order to determine its TCM syndrome(s). For example, according to the Western point of view, a disease such as osteoarthritis of the knee constitutes a single disease, determined by laboratory tests and standard criteria. From the perspective of TCM, this disorder may result from one or more TCM syndromes, for example 'liver and kidney deficiency', 'cold-and dampness-induced disorder', or 'heat-induced disorder', according to the patient's condition. Syndromes are determined using the four diagnostic method and include data on the quality of sleep, appetite, bowel movements, and urination, among other information. TCM syndrome differentiation thus leads to individualized treatment plans that may require different treatment protocols [12] for a disorder that in Western medical practice warrants a single, standardized treatment.
Challenges in Chinese herbal research
Herbal medicine has a long history in both East and West, although traditionally Western practitioners tended to use 'simples' or single herbs, whereas Chinese practitioners have long used compounds of as many as 20 herbs. TCM methods require that Chinese herbal formulas be individualized according to the patient's syndromes. But scientific research requires treatment standardization according to given Western medicine-defined diseases, which presents a problem for TCM herbal investigators. A possible solution is to use a formula that addresses a broad range of possible conditions that will benefit patients with a variety of TCM diagnoses, although this may compromise the effectiveness of the formula, as it may not be specific enough for the given TCM-diagnosed conditions.
An additional challenge in Chinese herbal research is the lack of standardization in herbal products, which is exacerbated by the fact that a single formula is composed of many herbs, each of which with numerous chemical compounds. These issues raise concerns regarding quality control and the consistency of herbal preparation, since quality and chemical constituents vary from field to field, season to season, and one extraction process to another. The solution to this problem is strict standards in sourcing, identification, compounding, biochemical testing, and quality control.
According to TCM theory, a vital energy known as Qi flows through a system of meridians and assists in homeostasis. Some 360 points distributed along the meridians serve both as diagnostic tools and as loci for acupuncture treatment [12] . It is presumed that when the normal flow of energy in the meridians is obstructed, for example as a result of tissue injury, pain or other symptoms result. Acupuncture treatment involves the insertion of smallgauge needles into specific acupuncture points for 15-30 min to restore the flow of vital energy through the affected meridians.
During the last decade, hundreds of clinical trials on acupuncture have been published. Despite these efforts to evaluate the effect of acupuncture, outcomes remain contradictory, largely due to problems in research design. The most challenging issue is blinding: it is not easy to keep patient and practitioner blinded. Patients are likely to feel the needle insertion, and practitioners are of course inserting the needles. In addition, unlike drug trials in which pills of identical size and color can be administered to patients in different treatment groups, acupuncture treatment is needle technique-dependent and can vary from practitioner to practitioner according to the length and quality of training and experience. In a single-blind trial, in which only the patients are blinded to group assignment, it is therefore crucial to select an adequate placebo control that can be used for blinding patients and is also inert, and, like a sugar pill, has no physiological effect. Furthermore, it is important to take TCM syndrome differentiation into consideration to yet meet the standard of research methodology by including a relatively homogeneous patient population. We addressed these key design issues in our study on acupuncture for dental pain control (DPS).
Design of the randomized clinical DPS trial
We conducted a randomized, placebo-controlled clinical trial using an innovative and scientifically sound research approach to evaluate the effect of acupuncture. The trial, entitled 'Use of Acupuncture for Dental Pain: Testing a Model', was conducted between 1998 and February 2002 at the Center for Integrative Medicine at the University of Maryland School of Medicine. It was funded by NCCAM, NIH (Grant #: 8 RO1 AT00010) and approved by the University of Maryland Institutional Review Board (IRB). The purpose of the trial was to evaluate the effect of acupuncture on the duration of post-operative surgical pain-free time in comparison to two sham acupuncture groups in a three-arm randomized controlled trial. Three-arm trials involving two control groups are quite unique and novel in acupuncture study.
The research methods have been previously reported [15] . In brief, 180 patients, 18-40 years old, of any race and all genders, who met the inclusive and exclusive criteria, which were that they be healthy and naïve to acupuncture, were recruited. After telephone screening by a study research coordinator, the patient was examined by a dental surgeon blinded to treatment assignment and, after completing the consent procedure and a pre-op questionnaire, was given an appointment for dental surgery. Each enrollee had one partially impacted bony lower third molar surgically removed by a board-certified oral and maxillofacial surgeon using 3 per cent carbocaine (range 54 to 150 mg) without vasoconstrictor. Immediately following surgery, the patient was randomly assigned to one of the three treatment groups (n = 60 per group): true acupuncture, sham insertion control (needles were inserted at 'non-acupuncture points'), sham non-insertion placebo control (needles did not penetrate the skin). If patient reported moderate or severe pain, a second similar treatment was provided as part of the treatment protocol. Randomization was computer-generated in randomly permuted blocks of 3, 6, or 9 and was done via a secure call-in procedure to the coordinating center by the study acupuncturist immediately after surgery and just prior to the acupuncture treatment. For better design of control groups for treatment effect evaluation and to better address blinding in the randomized clinical trial-the biggest challenge in an acupuncture clinical trial, we carefully defined our three treatment groups and developed an intensive blinding mechanism to facilitate the trial procedure as follows:
Treatment Groups: The patient's eyes were masked, and a licensed acupuncturist performed the treatment based on treatment assignment. For true acupuncture, the following acupuncture points were used: Hegu (LI 4), Jiache (St 6), Xiaguan (St 7), and Yifeng (SJ 17). One-in 32-gauge (0.25 mm) sterile, disposable needles were inserted 0.3-1.0 in. The needling sensation known as 'De Qi', soreness, heaviness, numbness, or distention, was obtained after insertion. The needles were retained for 20 min and then removed. For sham acupuncture, four non-acupuncture points (three local in the oral facial region and one in the hand) adjacent to the four points used in the real acupuncture group were used to constitute the sham study arm. Needles were inserted shallowly into these points and were not manipulated to avoid producing the 'De Qi' sensation. They were retained for 20 min, then removed. For placebo acupuncture, the points selected were identical to those of the true acupuncture group, but the needles were not inserted into the skin. To enhance blinding, a plastic needle tube was taped on the bony area next to each of the acupuncture points to produce a discernible sensation. A needle was taped to the dermal surface without skin penetration. Three manipulations (a dental instrument was used to probe the surface of the skin) were conducted every 10 min as in the treatment group. This placebo procedure for enhancing blinding was reported in our earlier studies [15] . Blinding and Masking: Patient blinding-Participants in the real acupuncture and control groups remained blind to assignment. A mask was used to occlude patients' eyes during the treatment sessions to facilitate blinding. The success of patient blinding was evaluated using a questionnaire after each acupuncture treatment and at the end of the on-site procedure. Patients were asked to indicate which kind of treatment they believed they had received (acupuncture, sham/placebo, or don't know) and the reason(s) that led to the belief. Successful patient blinding to treatment assignment was defined as a better-than-chance patient response of 'don't know'. Research staff blinding-Additionally, the dental surgeon, clinical coordinator, clinical assessor, and study investigators were blinded to patient assignment. The acupuncturists were the only study team members not blinded to patient assignment during the trial. However, the acupuncturists were blinded to specific patient information such as surgical evaluation or patient pain assessments.
Pain assessments were used as our primary endpoints. Immediately after the first treatment, the patient was asked to rate the pain level at 15-min intervals up to 6 h on site or until a rescue pain medication was given or requested. Pain assessments were reported using a questionnaire with two standardized pain scales: a four-point scale (0 = none, 1 = slight/mild, 2 = moderate, 3 = severe) and a 100 mm visual analog scale (VAS). The 'pain' event had to meet two criteria: both four-point scale 2 and VAS 30 mm. Although other pain assessments, including pain intensity difference (PID) and pain half gone (PHG), were collected, they were not used for primary outcomes. Our primary outcomes were: T 1 is the underlying true time to first pain (i.e. the true duration of first pain-free time) and T 2 is the underlying true time to rescue drug (i.e. the true duration of time before rescue drug). Both outcome measures were available from the questionnaires, since each patient had a timer in hand and recorded the minute when the first pain was felt and the pain level and the minute when a rescue drug was requested, although the data were presented in a longitudinal format. Even when patients did not feel pain, nurses reminded them to record their sensations for every 15 min. Of the 117 out of 180 patients who felt a first pain, 115 got a second treatment that was the same as the first; two patients refused the second treatment and requested rescue drug immediately. On-site pain assessment for patients who received a second treatment continued every 15 min for another 3 h following the second treatment or until a rescue pain medication was given or requested. By the end of the on-site study, a total of 102 patients out of 180 had requested the rescue drugs and 78 patients had not. Although patients continued to record their pain every hour until bedtime on the day of surgery after leaving the study site and then every day for 7 days following the surgery, the quality of self-reported data after leaving the study site is poor and the data were not well-collected. For this reason, we only focus on the on-site data in the current analysis.
The baseline covariates, which might be adjusted for this analysis, are age, gender, and race (five categories: African American, Asian, Caucasian, Hispanic, and others). Owing to the controlled randomized clinical trial design, it would be intuitive to use initial treatment group indicators in statistical analysis of our evaluation of the acupuncture effect. The challenge is that, according to the treatment protocol of the DPS (i.e. treatment could be repeated a second time if the patient felt pain after the first treatment and agreed a second treatment), only a selected subset (i.e. patients who felt pain) from each initial treatment group was chosen for the second treatment, which might threaten the validity of randomization for the treatment assignment mechanism. Although covariate adjustment is typically not needed for well-conducted and designed randomized clinical trials, this adjustment might help to control potential confounding effects from the residual imbalance of covariates across the three treatment groups after the second treatment. As a result, models with and without covariate adjustment are both shown in Section 4.
Statistical analysis of the DPS trial
Patients' baseline characteristics across the three treatment groups are summarized in Table I . Table I shows that there are no statistically significant differences in baseline characteristics among the randomized treatment groups, which confirms the validity of our initial randomization.
For our primary endpoints, time to first pain (T 1 ) and time to rescue drug (T 2 ), we only have right-censored data due to censoring mechanisms. Taking C 1 and C 2 as the censoring indicators for T 1 and T 2 , respectively, their relationship in the DPS is shown in Table II . The observed duration for first pain-free time is 'Y 1 ' = minimum (T 1 , censoring time for C 1 ) = minimum (T 1 , 360 min). The censoring mechanisms (C 1i = 0) could be that the patients remain 'pain free' (pain assessment did not meet both pain criteria) by the end of the study (the 6-h follow-up) or by the time of drop-out. Similarly, the observed duration of time before rescue drug 'Y 2 ' = minimum (T 2 , censoring time for C 2 ), where the censoring time is 360 min for patients without a second treatment and (Y 1 +180) min for patients with a second treatment. The first two censoring mechanisms for C 2 are the same as the mechanisms for C 1 , i.e. if C 1i = 0 then C 2i = 0, which explains their dependent structure as shown in Table II . Additionally, for C 2 , a total of 15 patients were censored since they did not ask for rescue drug after the second treatment.
Based on those censoring mechanisms, a random censoring assumption is valid for the analysis of either (Y 1 , C 1 ) or (Y 2 , C 2 ) separately, but is not valid when we consider them jointly. Since this assumption is commonly used in standard statistical software for survival analysis, both exploratory and model inferences for the separate analysis of (Y 1 , C 1 ) and (Y 2 , C 2 ) are highlighted in this paper. The joint analysis of multiple events allowing dependent censoring requires advanced statistical techniques and is not the focus of this paper. For exploratory purposes, both Kaplan-Meier survival curves and log-log survival curves across acupuncture treatment groups are shown in Figure 1 . And Table III compares the summary of non-parametric estimates of those survival curves for three treatment groups, together with the log-rank test results, for both Y 1 (the observed duration of first pain-free time) and Y 2 (the observed time to rescue drug).
For Y 1 , Table III shows that both the median and the mean durations of first pain-free time (in minutes) are the longest in the true acupuncture group, intermediate in the sham group, and the shortest in the placebo acupuncture group. Additionally, Table II shows that 25 patients remained pain free after the initial true acupuncture treatment until they were censored. In comparison with the 19 patients that remained pain free in both the sham and the placebo groups, the true acupuncture group seems to perform better in increasing the duration of post-operative surgical pain-free time. Figure 1 shows the comparisons of Kaplan-Meier curves between the true acupuncture group (group 'X ') and the sham group (group 'Y ') in (A1) and between the true group (group 'X ') and the placebo group (group 'Z') in (A2). These further suggest the better performance of the acupuncture group, although this finding is not statistically significant based on the log-rank test, as shown in Table III. For Y 2 , Table III shows that both the median and the mean duration of time before rescue drug are the longest in the true acupuncture group, intermediate in the sham group, and the shortest in the placebo acupuncture group. The log-rank test confirms that the true acupuncture group performed statistically significantly better in lengthening the duration of time to rescue drug for post-operative surgical pain control than did the placebo group. Additionally, Table II shows that 31 patients did not request rescue drug until they were censored in comparison to 27 patients in the sham and 20 in the placebo group. Meanwhile, a comparison of the well-separated Kaplan-Meier curves in (B1) of Figure 1 for the true acupuncture group (group 'X ', top survival curve) and the placebo group (group 'Z', bottom survival curve) further confirms this finding.
For quantifying the acupuncture treatment effect on lengthening the duration of time to pain or rescue drug, the two most useful models are the Cox proportional hazard (Cox PH) model and the accelerated failure time (AFT) model [16] . The widely used Cox model is a semi-parametric model assuming constant treatment effect on the hazard (rate) ratio scale [17] , whereas the less commonly used AFT model is a parametric model assuming the constant treatment effect on the survival time ratio scale [18, 19] . In comparison to the typical Cox PH model for our randomized DPS, i.e. h(t) = 0 (t) exp( 0 + 1 GroupX+ 2 GroupY), AFT models have the following form, without covariate adjustment: where is the scale parameter and ε is the random error, GroupX and GroupY are the treatment indictors for the true and the sham acupuncture groups, respectively (with the placebo acupuncture group as the baseline), and 1 and 2 are the parameters of interest. The commonly used survival time distributions for AFT models are the Weibull, the exponential, the log-logistic, the log-normal, and the generalized gamma. To control the potential confounding effects of covariates, explained in Section 3, models both with and without covariate adjustment are fitted, and their results are summarized in Table IV. The first two models for both outcomes in Table IV are the Cox PH models, due to the wide popularity of this model and the fact that it is semi-parametric. Table IV confirms our previous findings from Table III and Figure 1 , and shows that: (1) the true acupuncture group performs statistically significantly better than does the placebo group in terms of lengthening the duration of time to rescue drug, and the hazard rate of getting rescue drug in the true acupuncture group is only 60 per cent (i.e. e −0.504 ) that of the placebo group; (2) the true acupuncture group performs better than the placebo group in terms of reducing the hazard rate of getting first pain, but does not reach statistical significance. However, the cross-over phenomena in both log-log survival plots (A3, B3 in Figure 1 ) and the Kaplan-Meier curves (A2, B2 in Figure 1) indicate that the treatment effect (measured by hazard ratio) might not be constant but rather become weakened over time. Consequently, the PH assumption might not hold for both survival outcomes, which casts doubt on the validity of inferences based on the Cox PH models, as shown in Table IV . This motivated us to pursue alternative AFT models.
We fitted AFT models with log-logistic, log-normal, and generalized gamma distributions, since these models do not have the proportional hazard property. AFT models under either Weibull or exponential distribution are not fitted, since they are equivalent to some parametric PH models under different parameterizations [19] . Furthermore, due to the questionable convergence criteria for the AFT model under generalized gamma distribution, only four models are reported in Table IV for each outcome based on log-logistic and log-normal distributions, including with (M2) and without (M1) covariate adjustment. For model selection among different distributions for each outcome, both Akaike's Information Criterion (AIC) and the Bayesian Information Criterion (BIC) indicate that the log-normal AFT model without covariate adjustment, the M1* model in Table IV , fits our data the best. For both outcomes, the estimations of acupuncture effect on post-operative surgical pain control for the DPS based on their final M1* models are shown in Table V . Table V confirms our previous findings from Table III and Figure 1 , and shows that the true acupuncture group performed better than did the placebo group in terms of controlling post-operative surgical pain ( p<0.05). True acupuncture treatment lengthened the median survival time to rescue drug (Y 2 ) by an estimated factor of 1.397 times with 95 per cent CI of [1.008, 1.933] in comparison to placebo. Also, Table V shows that the true acupuncture group performed better than did the placebo group in terms of lengthening the median duration of first pain-free time (Y 1 ) by an estimated factor of 1.495 times, but without statistical significance. Also, Importantly, the treatment effect estimates in Table V can be interpreted at the population level as well as at the individual level. Although the true reason why the PH assumption breaks down at the population level remains unknown, one potential reason may be unobserved heterogeneity in the study population. To account for this heterogeneity, a frailty model under the AFT model formulation is appropriate. And such models with Gamma (or inverse-Gaussian)-distributed frailty have a nice collapsibility property: if the AFT assumption holds at the individual level, then it must also hold at the population level using Gamma (or inverse-Gaussian)-distributed frailty [18, 19] . Consequently, the treatment effect estimates in Table V can be interpreted at the individual level given the validity of such frailty model in our DPS study. Hence, another interpretation for the estimated acceleration factor shown in Table V 
Discussion
In the present study, we present a novel method of overcoming some methodological challenges in acupuncture clinical research. (1) We have successfully randomized the patients to achieve a balance among three groups in terms of gender, age, race, degree of surgical trauma, and local anesthetic usage. (2) We have successfully blinded the patients, who were not able to guess their treatment assignment correctly. (3) We were able to take into consideration various TCM diagnoses by using a homogenous patient population of healthy subjects without other medical conditions. As a result, the symptoms and TCM diagnosis were relatively the same, which minimized variation among the patients and meant that the same treatment protocol could be used for all.
Placebo-controlled RCTs are particularly difficult to conduct in China where many have grown up with acupuncture and are familiar with its sensations. Two factors may make such study possible there. (1) Although acupuncture has been used by many adults in China, the younger generation that will be enrolling in studies today is not a population accustomed to visiting acupuncture clinics. Thus, it may not be difficult to recruit acupuncture-naïve patients there.
(2) With the recent developments in the acupuncture needle, needles are thinner than they used to be. With a guiding tube, they cause minimal sensation even in real acupuncture treatment. This may better blind patients in a real acupuncture group who expect a strong needle sensation as part of their treatment.
From the perspective of clinical trial design, TCM trials present the same challenges as those encountered in trials of drugs, devices, and surgical procedures. But as we demonstrate, data from TCM trials may have unique features that make them different from trials on other treatment modalities. Western medicine is based on disease specificity, laboratory indications, and standard criteria and treatment; TCM, on syndrome differentiation, the four diagnostic method, and individualized diagnosis and treatment. These differences pose difficulties for TCM research design and necessitate thoughtful consideration if challenges in statistical analysis are to be overcome and valid statistical inferences are to be derived. We have discussed various problems that might lead to the violation of the proportional hazard assumption. Such violation may explain why there are discrepancies between the analyses presented here and those presented in an earlier report [15] .
If we understand the problems and account for them in the modeling, the statistical inference of treatment effect and estimation of the size of the treatment effect can be improved further. For example, the violation of the PH assumption for Y 2 might be caused by variations in the time of the second treatment in our DPS. In principle, a Cox PH model on (Y 2 , C 2 ) with time-varying covariate can be fitted to account for this [19] . Unfortunately, due to the special censoring mechanisms, a zero event (no need for rescue drug) was observed for patients in the true acupuncture group who had first pain but refused the second treatment. In another words, the observed DPS data do not provide enough information to differentiate between the effects of getting true acupuncture treatment once versus twice, which causes numerical problems for model fitting. In planning future trials, we may need to account for such special features in sample size calculation. A trial of a larger sample size may be able to model the recurrent event data, which may in turn prompt further development of the statistical methodology.
